a 2ϩ is an important second messenger in animals and plants, and changes in cytoplasmic free Ca 2ϩ ([Ca 2ϩ ] cyt ) are early events in plant signaling pathways, including abiotic stress signaling (1) (2) (3) . A recent study in Arabidopsis thaliana identified genes whose expression was regulated by changes in [Ca 2ϩ ] cyt where stressresponsive genes were significantly overrepresented, substantiating the role of Ca 2ϩ in stress signaling pathways (4) .
Rising [Ca 2ϩ ] cyt levels are caused by increased Ca 2ϩ influx (1) or the release of Ca 2ϩ from intracellular stores (5) through Ca 2ϩ -permeable channels. [Ca 2ϩ ] cyt is sensed by proteins that are activated upon Ca 2ϩ binding such as Ca 2ϩ -dependent protein kinases (CDPKs), or by proteins that undergo conformational changes such as calcineurin B-like (CBL) proteins to regulate downstream targets. The transcription of several CDPK genes is induced by abiotic stress (6) (7) (8) , and Arabidopsis CPK4 and CPK11 loss-of-function mutants show pleiotropic abscisic acid (ABA)-insensitive phenotypes and enhanced salt sensitivity (7) . Furthermore, Arabidopsis cpk3 and cpk6 mutants show impaired ABA-and Ca 2ϩ -induced stomatal closing that is correlated with impaired guard cell ion channel regulation (9) .
Likewise, CBL genes are up-regulated by abiotic stress factors, and CBL4 and CBL10 act as calcium sensors required for the acquirement of salt tolerance (10) (11) (12) .
Influx of Ca 2ϩ is countered by the removal of Ca 2ϩ from the cytoplasm to reconstitute basal [Ca 2ϩ ] cyt . The balance between Ca 2ϩ influx and efflux determines the kinetic and temporal nature of the Ca 2ϩ elevation. ATP-driven Ca 2ϩ pumps (Ca 2ϩ -ATPases) and transporters driven by electrochemical gradients, such as Ca 2ϩ /H ϩ exchangers, play an important role in maintaining low [Ca 2ϩ ] cyt (1) . According to their homology to animal counterparts, plant Ca 2ϩ -ATPases are subgrouped into types IIA and IIB (13) . The latter contain an N-terminal autoinhibitory domain that responds to Ca 2ϩ signals by a Ca 2ϩ -induced binding of calmodulin, resulting in the activation of the Ca 2ϩ pump (14) . Even though changes in [Ca 2ϩ ] cyt are associated with abiotic stress signaling there is as yet only indirect evidence for a role of plant Ca 2ϩ -ATPAses in stress signaling based on the ABA-responsive expression of the Arabidopsis genes ACA8 and ACA9 (15) and the acquirement of enhanced osmotolerance of a yeast strain overexpressing the Arabidopsis ACA4 gene (16) . However, transgenic approaches have shown that plant Ca 2ϩ -ATPAses are involved in other fundamental processes such as pollen tube growth, vegetative development, inflorescence architecture, and gibberellin signaling (17) (18) (19) . These studies suggest similar fundamental functions of P-type Ca 2ϩ -ATPases in plants and animals as the generation of KO mice revealed perturbations upon the targeted ablation of specific Ca 2ϩ -ATPases including lethality, tumorigenesis, skin and muscle diseases, deafness, balance disorders, and male infertility (20) . It is assumed that these defects rely on the role of animal Ca 2ϩ -ATPases in the clearance of [Ca 2ϩ ] cyt , making them critical factors in Ca 2ϩ -mediated signaling cascades (21) (22) (23) .
In bryophytes, changes in [Ca 2ϩ ] cyt control developmental programs such as caulonema differentiation (24) , protoplast division (25) , and cytokinin-induced bud formation (26, 27) . Changes in [Ca 2ϩ ] cyt were also reported in response to abiotic stress including mechanical stimulation (28, 29) , mechanorelocation of chloroplasts (30) , UV-A light exposure (31) , and cold (29) . Thus, changes in [Ca 2ϩ ] cyt occur in response to internal and external stimuli in bryophytes, but the constituents that control [Ca 2ϩ ] cyt in mosses have not yet been identified.
Results
Isolation of PCA1 from Physcomitrella. Cloning of a Ca 2ϩ -ATPase was initiated by using a partial 750-bp Physcomitrella cDNA homologous to the C-terminal region of P-type Ca 2ϩ -ATPases (32). The full-length cDNA was isolated from a cDNA library and Author contributions: R.R. and W.F. designed research; E.Q., A.M.C.F., G.W., D.L., and C.B. performed research; E.Q., A.M.C.F., G.W., D.L., C.B., R.R., and W.F. analyzed data; and W.F. wrote the paper. subsequent amplification of the 5Ј end by 5Ј RACE-PCR. The cDNA encodes a protein of 1,098 aa and was designated PCA1 (P-type Ca 2ϩ -ATPase 1). Based on the presence of specific sequence motifs PCA1 can be classified as a P IIB -type plant Ca 2ϩ -ATPase (Fig. S1 ). The most striking motif is a calmodulin binding site at the N terminus (amino acids 40-62) that is part of an N-terminal autoinhibitory domain present in P IIB -type Ca 2ϩ -ATPases (14) . Furthermore, a topology prediction (33) suggests that PCA1 contains 10 membrane spanning domains that are characteristic for this class of Ca 2ϩ -ATPases (13) . PCA1 also shares the conserved phosphorylation motif DKTGTLT (amino acids 467-473), 2 motifs (PAD and TGES) required for the activation of the protein, and the PEGL motif present in cation transporting Ca 2ϩ -ATPases (34) . Similar to the Arabidopsis P IIB -type Ca 2ϩ -ATPase genes ACA8 and ACA10, Physcomitrella PCA1 contains 34 exons and the exon/intron borders are identical in 30 of 33 positions, suggesting a high conservation of the gene structure in land plants (Fig. S2 ).
PCA1 Complements a Ca 2؉ Transport-Deficient Yeast Mutant. In the yeast Saccharomyces cerevisiae, Ca 2ϩ homeostasis is maintained by the P-type Ca 2ϩ -ATPases PMC1, PMR1, and the Ca 2ϩ /H ϩ antiporter VCX1 (35) that is inhibited by calcineurin and is not active at low Ca 2ϩ concentrations. In the yeast strain K616 (pmr1, pmc1, cnb1) PMC1, PMR1 and the calcineurin subunit CNB1 are deleted and maintenance of Ca 2ϩ homeostasis relies solely on VCX1 activity. At physiological Ca 2ϩ concentrations (Ն 1 mM Ca 2ϩ ) the mutant grows as well as WT, but growth is inhibited at low Ca 2ϩ concentrations because of the inactivation of VCX1 (13) and complementation assays in the K616 yeast mutant background are used for the functional analysis of Ca 2ϩ -ATPases (14, 16) . We cloned the PCA1 ORF and a truncated PCA1 cDNA lacking the N-terminal autoinhibitory domain into the yeast expression vector pYES2 (Fig. 1A and Fig. S3 ). The protein derived from the latter construct should not require activation by Ca 2ϩ /calmodulin and therefore was expected to be constitutively active. As a positive control, we used the yeast PMC1 gene encoding a Ca 2ϩ -ATPase (35) . The expression of the cDNAs was controlled by the GAL1 promoter that is induced by galactose and repressed by glucose. At high Ca 2ϩ concentrations, the strain K616 grew as well as the WT and the expression of any of the cDNAs had no effect on the growth rate (Fig. 1B) . However, at low Ca 2ϩ concentrations in the presence of galactose transformants harboring the truncated PCA1 or the control PMC1 cDNA, but not those harboring the full-length PCA1 cDNA, were able to grow. In the presence of glucose that represses the GAL1 promoter only the WT grew. These results indicate that PCA1 displays Ca 2ϩ -transporting activity in yeast. Moreover, the growth inhibition of transformants harboring the full-length PCA1 protein suggests that PCA1 presents a P IIB -type Ca 2ϩ -ATPase containing an N-terminal autoinhibitory domain.
PCA1 Is Localized to Small Vacuoles.
Exploring the intracellular localization of Ca 2ϩ -ATPases may provide insights into the subcellular compartments that are involved in the maintenance of low [Ca 2ϩ ] cyt . Previous studies indicated a diverse localization of plant P IIB -type Ca 2ϩ -ATPases in the plasma membrane (17, 36) , the endoplasmic reticulum (ER) (37) , small vacuoles (16) , and the central vacuole (38) . To analyze the localization of PCA1, we fused the cDNA of the GFP to the 3Ј end of the PCA1 coding region under the control of the cauliflower mosaic virus 35S promoter and transfected the construct into Physcomitrella protoplasts that were analyzed by confocal laser scanning microscopy 48 h after the transformation. GFP fluorescence could not be detected at the plasma membrane, the central vacuole, or structures of the ER. However, GFP accumulation was observed in small vacuoles ( Fig.  2A ) and confocal sections indicated that the fusion protein resides in the membranes of these small vacuolar structures (Fig. 2B) . Thus, the localization of PCA1 is identical to the reported localization of the Arabidopsis ACA4 P IIB -type Ca 2ϩ -ATPase (16).
PCA1 Is Induced by Dehydration, Salt, and ABA. To obtain indications for the function of PCA1 in the abiotic stress response, mRNA levels were analyzed in response to dehydration, salt, and ABA, which mediates stress-induced gene expression in mosses and seed plants (39) . RNA gel blots indicated increased PCA1 mRNA levels in response to all stimuli (Fig. 3) . During dehydration we observed elevated PCA1 mRNA levels after 4 h that did not change after 8 h. Upon NaCl treatment induction of PCA1 occurred after 1 h and transcript levels remained high up to 8 h. ABA caused a transient induction of the PCA1 gene rising up to 4 h, thereafter returning to the basal prestimulus level. From the elevated PCA1 mRNA levels in response to abiotic stress and ABA we assumed a functional role of PCA1 in abiotic stress adaptation.
Generation of PCA1 KO Mutants. In Physcomitrella, the integration of DNA into its genome by means of homologous recombination facilitates the generation of targeted gene KO lines (40) . Southern blot analysis revealed that PCA1 is a single-copy gene, thus representing a suitable target for a gene disruption approach (Fig. 4D) . A PCA1 gene disruption construct was generated by inserting an nptII selection marker cassette into the 3Ј genomic region of PCA1 (Fig. 4A ) and used for the transformation of Physcomitrella protoplasts. Regenerating plants were screened for a disrupted PCA1 locus by performing PCR on genomic DNA of transgenic lines with primers flanking the expected integration site in combination with primers derived from the 35S promoter and 35S terminator sequences present in the nptII cassette. PCR products of the expected size were amplified from independent transgenic lines demonstrating the disruption of the PCA1 genomic locus by precise 5Ј integration and 3Ј integration events. Two lines (⌬PCA127 and ⌬PCA1125) were selected for further analysis (Fig. 4B) . RT-PCR and RNA gel blot analyses did not detect a PCA1 transcript in the 2 ⌬PCA1 mutant lines, but did in WT (Fig. 4C) , verifying the generation of PCA1 loss-of-function mutants. To determine the number of integration sites of the PCA1 KO construct the 2 ⌬PCA1 mutant lines were subjected to genomic Southern blot analysis using the nptII selection marker cassette as hybridization probe.
The resulting hybridization patterns demonstrate 1 integration event of the nptII cassette in the mutant ⌬PCA1125 and 2 integration events in the mutant ⌬PCA127 (Fig. 4D ). Furthermore, we analyzed both ⌬PCA1 mutants by flow cytometry to exclude the generation of diploid lines by protoplast fusion during the transformation process. Both KO lines were shown to be haploid as was the WT (data not shown).
PCA1 KO Lines Display Decreased Salt Tolerance. To investigate phenotypic effects caused by the disruption of the PCA1 gene, the 2 ⌬PCA1 mutant lines were compared with Physcomitrella WT plants on standard growth medium. We did not observe any difference in growth rate or developmental progression. Likewise, the addition of auxin or cytokinin that are known to cause changes in [Ca 2ϩ ] cyt in moss (24-27) did not reveal any differences between WT and the ⌬PCA1 mutants, suggesting that PCA1 is not involved in the regulation of development. Because Ca 2ϩ is a second messenger in abiotic stress responses and PCA1 mRNA levels were stress-induced, we extended the functional studies of the ⌬PCA1 mutants to growth experiments on medium supplemented with NaCl. Both ⌬PCA1 mutant lines and WT plants were grown on medium containing 500 mM NaCl, and the salt tolerance was assessed by monitoring the degree of bleaching of the plants and the measurement of cell death ( Fig. 5A -D). After 3 days, the 2 ⌬PCA1 mutant lines showed enhanced bleaching compared with WT plants (Fig. 5B) . Also, after 6 days the ⌬PCA1 mutants were more susceptible to salt stress as indicated by partial bleaching of the majority of plants and complete bleaching of single plants, whereas most WT plants remained green and only a few plants showed partial bleaching (Fig. 5C ). These apparent deviating phenotypes revealed significant differences between the WT and the 2 ⌬PCA1 mutant lines. In addition, we determined cell death rates in the 2 ⌬PCA1 mutants and WT plants by Evans blue staining that is indicative for loss of plasma membrane integrity (41) . ⌬PCA1 mutants and WT were grown in liquid medium containing 500 mM NaCl. According to the phenotypic analysis the 2 ⌬PCA1 mutant lines displayed higher cell death rates upon NaCl treatment compared with WT plants (Fig. 5D ). The different degree of chlorosis during the NaCl treatment in WT and the ⌬PCA1 mutants should have a direct effect on photosynthesis rates that can be determined by chlorophyll fluorescence measurements (42) . Liquid cultures of WT and the ⌬PCA1125 mutant were grown at different NaCl concentrations (200, 300, 400, and 500 mM NaCl), and the maximum quantum yield of photosystem II was measured 12, 24, and 48 h after the beginning of the treatment. Both WT and the ⌬PCA1125 mutant line showed a concentration and timedependent decrease in the photosynthesis rate in the presence of elevated NaCl concentrations (Fig. 5E ). Furthermore, the ⌬PCA1125 mutant line exhibited lower maximum quantum yields compared with WT, which became most evident after 48 h of salt treatment. The reduced photosynthesis rates in the ⌬PCA1 mutant in relation to WT correspond to the enhanced chlorosis observed in the phenotypic analysis, providing further evidence for the reduced salt tolerance of the ⌬PCA1 mutant lines. Based on these results we infer that PCA1 is essential for salt stress adaptation in Physcomitrella.
⌬PCA1 Mutants Fail to Restore Resting Ca 2؉ Levels After Salt Stress Treatments and Display Disturbed Expression of Stress-Induced
Genes. To test a direct role of PCA1 in salt stress adaptation, we measured changes in [Ca 2ϩ ] cyt in response to NaCl in Physcomitrella WT and the mutant line ⌬PCA1125. [Ca 2ϩ ] cyt was measured ratiometrically after biolistic delivery of the Ca 2ϩ -sensitive dye Oregon Green 488 BAPTA dextran and the Ca 2ϩ -insensitive Cascade Blue dextran into protonema cells (43) (Fig. 6A) . We detected similar basal [Ca 2ϩ ] cyt in WT and the ⌬PCA1125 mutant line. In WT, the perfusion with 250 mM NaCl caused a transient peak in [Ca 2ϩ ] cyt that reached a maximum of Ϸ200 nM after 120 s and returned to prestimulus levels within 5 min. In contrast, in the ⌬PCA1125 mutant [Ca 2ϩ ] cyt increased up to 500 nM 110 s after the NaCl perfusion and did not return to prestimulus levels within the investigated time period (Fig. 6B, Fig. S4 , Table S1 ). Thus, PCA1 activity modulates both the amplitude and the duration of the Ca 2ϩ elevation in response to salt stress. We further hypothesized that the disturbed Ca 2ϩ signature may affect the transmission of the stress signal at different levels including the activation of stress-responsive genes. To test this scenario, we analyzed mRNA levels of stressresponsive genes after the application of NaCl and ABA in WT and ⌬PCA1 mutants. Two genes encoding a dehydrin protein (Pp-COR47) and a membrane pore protein (PpCOR-TMC-AP3) were characterized as stress-inducible genes (39) . The ⌬PCA1 mutants and WT were treated with 10 M ABA and 250 mM NaCl, respectively, and mRNA levels of both genes were monitored in 3 independent biological replicates by RNA gel blots. In WT and both ⌬PCA1 mutant lines transcript levels of the genes increased after 1-h exposure to NaCl and ABA ( Fig. 6 C and D and Table S2 ). In addition, after 1 h the mRNA levels observed in the 2 ⌬PCA1 mutant lines were comparable to those in WT with the exception of slightly increased mRNA levels of PpCOR-TMC-AP3 in WT plants in response to ABA. However, 3 h after the ABA and NaCl treatment transcript levels were significantly lower in the ⌬PCA1 mutants compared with WT ( Fig. 6 C and D and Table S2 ). In Arabidopsis, it was suggested that ABA-responsive elements (ABRE) within promoter regions mediate Ca 2ϩ -responsive gene expression (4) . Also in Physcomitrella, ABREs are functional ciselements conferring stress-induced gene expression (44, 45) . To test whether ABREs are present in the genes PpCOR47 and PpCOR-TMC-AP3, we analyzed their promoter regions. In fact, we identified putative ABREs in the promoter regions of both genes, suggesting that these elements may transmit changes in [Ca 2ϩ ] cyt in Physcomitrella (Fig. 6E) . According to the empirical cumulative distribution of all ABRE matches in the 1.5-kb upstream regions of all 27,962 Physcomitrella V1.2 gene models (46) (Fig. S5) , the overrepresentation of ABREs was found to be significant [P (x Ͼ ϭ 6) ϭ 0.00021; P (x Ͼ ϭ 7) ϭ 7 ϫ 10 Ϫ05 ]. The promoter of PCA1, which is transiently induced by ABA, does not harbor ABREs, suggesting that the expression might be controlled by a different pathway. We further analyzed whether the application of exogenous Ca 2ϩ is able to mimic the stress induction of PpCOR47 and PpCOR-TMC-AP3. WT plants were grown in medium with 100 nM CaCl 2 , which corresponds to the basal [Ca 2ϩ ] cyt and subsequently CaCl 2 was added at concentrations of 1 and 5 mM. For both genes, we did not detect considerable changes in mRNA steady-state levels in response to applied Ca 2ϩ , which may resemble the stress-induced expression pattern of the genes in response to NaCl or ABA (Fig. S6) . Thus, application of exogenous Ca 2ϩ is not sufficient to activate the stress signaling pathway(s) regulating PpCO47 and PpCOR-TMC-AP3. Taken together, the perturbation of the salt-induced Ca 2ϩ signal and the deregulation of stress-induced genes in the ⌬PCA1 mutant lines suggest a function of PCA1 in stress signaling.
Discussion
The stimulus-dependent generation of [Ca 2ϩ ] cyt transients has been intensively studied (47) , but experimental data on the proteins that restore [Ca 2ϩ ] cyt are scarce. Ca 2ϩ -ATPases are thought to be the major components regulating [Ca 2ϩ ] cyt homeostasis. Physcomitrella PCA1 contains all characteristic motifs of plant P IIB -type Ca 2ϩ -ATPases, and its Ca 2ϩ -transport activity was substantiated by a yeast complementation where PCA1 displayed an identical mode of action already described for other plant P IIB -type Ca 2ϩ -ATPases (14, 16, 17) .
To date, there are only 2 reported Arabidopsis P IIB -type Ca 2ϩ -ATPase gene KO lines, where the disruption of ACA9 caused partial male sterility, and disruption of ACA10 led to defects in vegetative growth and inflorescence architecture (17, 19) . Nevertheless, the expression pattern of other Ca 2ϩ -ATPase genes in Arabidopsis suggested a function of Ca 2ϩ -ATPases in abiotic stressrelated pathways (15) . Likewise, PCA1 is regulated by an ABAdependent stress signaling pathway. Moreover, the reduced tolerance of the ⌬PCA1 mutants to salt provides genetic evidence for its role in salt stress adaptation, and the reduced mRNA levels of stress-induced genes in response to salt and ABA suggest that they are controlled by a signaling pathway requiring PCA1 activity. Evidence that plant Ca 2ϩ ATPases are positive regulators of signaling pathways was obtained from the overexpression of a gibberellin-responsive Ca 2ϩ -ATPase in rice aleurone cells that caused induction of a gibberellin-responsive ␣-amylase gene in the absence of gibberellin (18) .
The ⌬PCA1 mutants fail to generate a salt-induced transient Ca 2ϩ peak and exhibit elevated [Ca 2ϩ ] cyt . One could expect that the elevated [Ca 2ϩ ] cyt leads to an enhanced Ca 2ϩ response and finally results in elevated transcript levels of genes controlled by this pathway. Actually, loss of PCA1 resulted in decreased transcript levels of stress-responsive genes. We therefore propose that PCA1 is required to restore the [Ca 2ϩ ] cyt for the generation of a stimulus- (48) . Furthermore, Arabidopsis cax1 and cax3 mutants display an increased sensitivity to ABA and sugar during seed germination and an increased tolerance to ethylene (49) . CAX1 and CAX3 were also found to play a role in plant growth and nutrient acquisition (50) . Furthermore, it was suggested that CAX3 is the predominant Ca 2ϩ /H ϩ antiporter in Arabidopsis under salt stress conditions, whereas CAX1 is essentially inactive, which is correlated with their expression as CAX3 is up-regulated by salt but CAX1 is not (49) .
Compared with elevated mRNA levels of stress-responsive genes in the Arabidopsis cax1 mutant, the reduced expression of stressresponsive genes in the Physcomitrella ⌬PCA1 mutants suggests that the action of Ca 2ϩ /H ϩ antiporters and Ca 2ϩ pumps lead to different responses in signaling pathways. In addition, the disruption of the Arabidopsis genes ACA9 and ACA10 (17, 19) and the deletion of the Physcomitrella PCA1 cause distinct phenotypes. However, the alterations are found in completely different biological pathways, namely developmental programs in Arabidopsis and abiotic stress signaling in Physcomitrella, suggesting that plant Ca 2ϩ -ATPases have distinct biological functions.
Materials and Methods
Plant Material. P. patens was cultured as described (39, 51) . Detailed descriptions of the phenotypic analysis, treatments with ABA and NaCl, and the application of exogenous Ca 2ϩ are provided in SI Text. (52) . Transformed cells were plated onto SDLHAW plates that were supplemented with 2% glucose/10 mM CaCl 2, 2% glucose/10 mM EGTA, 2% galactose/10 mM CaCl 2, or 2% galactose/10 mM EGTA.
RNA and DNA Blot Hybridization. RNA blot hybridization was carried out as described (39) with the following radioactively labeled cDNA probes: Pp-COR47, PpCOR-TMC AP3 (39) , the homolog to ribosomal protein L21 (32) amplified from cDNA with the primers 5Ј-GGTTGGTCATGGGTTGCG-3Ј and 5Ј-GAGGTCAACTGTCTCGCC-3Ј, and a PCA1 cDNA fragment amplified using the primers 5Ј-TTGCGATTGGCTTCATAAGCTG-3Ј and 5Ј-ACGGTAAAAGA-CAACGATCAAGTT-3Ј. Signal intensities were quantified by using the Quantity One software package (BioRad). PpCOR47 and PpCOR-TMC-AP3 transcript levels were normalized to the constitutive control L21 mRNA. Mean values from 3 biological replicates and standard errors were calculated. Genomic DNA was digested with the indicated restriction enzymes, blotted, and hybridized with a PCA1 cDNA fragment (analysis of PCA1 gene copy number) or the nptII selection marker cassette present in the PCA1 gene disruption construct (analysis of integrations in the ⌬PCA1 mutants).
Measurement of Cytosolic Calcium. [Ca 2ϩ ]cyt was measured ratiometrically after biolistic delivery of the Ca 2ϩ -sensitive dye Oregon Green 488 BAPTA dextran and the Ca 2ϩ -insensitive Cascade Blue dextran into Physcomitrella cells as described (43) . A detailed description of the method is provided in SI Text.
Promoter Analysis. Regions (1.5 kb) upstream of the translation start of the PpCOR47 and PpCOR-TMC-AP3 gene models V1.2 (46) were extracted and screened for overrepresented motifs by the Gibbs sampling algorithm as implemented in AlignACE (53) . The resulting overrepresented motifs were compared with the ABRE consensus sequence of seed plants (4, 54) . Significance was tested by using the empirical cumulative distribution of all ABRE matches in the 1.5-kb upstream regions of all 27,962 V1.2 gene models, and probability values [P (x Ͼ ϭ N)] for the occurrence of the observed ABRE frequencies (N) in the genes PpCOR47 and PpCOR-TMC-AP3 were calculated.
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SI Text
Plant Material. The analysis of the susceptibility of Physcomitrella plants to NaCl stress was performed by a phenotypic screen, cell death measurements, and the measurement of the maximum photosynthesis system II quantum yield. For phenotypic analysis, single colonies of identical size of Physcomitrella WT plants and ⌬PCA1 mutants were transferred to solid medium supplemented with 500 mM NaCl. Green, partially bleached, and bleached plants were monitored after 3 and 6 days. Cell death was measured after growth of protonema tissue in liquid medium containing 500 mM NaCl by Evans blue staining, indicating loss of plasma membrane integrity as described (1) . Maximum photosynthesis system II quantum yield of both Physcomitrella WT plants and ⌬PCA1 mutants was measured in response to different NaCl concentrations (2) . Plants were cultured in liquid medium at a density of 150 mg/L, and NaCl was added to final concentrations of 200, 300, 400, and 500 mM. Untreated cultures served as control. Chlorophyll fluorescence was measured 12, 24, and 48 h after the addition of NaCl at room temperature by using the FluorCam FC 800-C (Photon Systems Instruments). Data were acquired by using the software PSI FluorCam (version 0.5. 
All phenotypic experiments were performed in 3 independent replicates. For phenotypic screen each replicate consisted of 20 plants and the data were analyzed statistically according to Fisher's LSD test. The generation of ⌬PCA1 mutants was performed according to standard procedures (3). PCA1:GFP fusion protein was detected 48 h after transformation of Physcomitrella protoplasts. Confocal laser scanning microscopy was performed at 488 nm and singlesection scans were merged by using the SCANware 5.0 software package. Treatments of Physcomitrella plants grown in liquid cultures with ABA and NaCl was performed as described (4) . For the analysis of gene expression in response to exogenously applied Ca 2ϩ plants were grown in standard liquid medium containing 100 mM CaCl 2 , which corresponds to the basal [Ca 2ϩ ] cyt . Subsequently, CaCl 2 was added to the cultures at concentrations of 1 and 5 mM, respectively, and the plants were harvested at the indicated time points.
Molecular Cloning and Analysis of Transgenic Physcomitrella Lines.
The PCA1 full-length cDNA was isolated by screening a cDNA library that was cloned into the Lamda ZAPII vector (Stratagene). Plaque lifts were hybridized with a 750-bp cDNA fragment representing the 3Ј end of the PCA1 cDNA that was previously isolated (5) . The remaining 5Ј sequence of the PCA1 cDNA was cloned by two subsequent 5Ј RACE-PCRs using the First Choice RLM-RACE-Kit (Ambion). To generate a fulllength PCA1 cDNA clone, we amplified the 5Ј region (nucleotides 1-2072) of the PCA1 cDNA by RT-PCR using the following primers: 5Ј-A AGT TGGGTGAGT T TCCCG-3Ј and 5Ј-AAAGTCTCCACATGCAGAATAGTGGTCGC-3Ј. The resulting PCR product was digested with NheI, which cleaves at nucleotide position 1858. To reconstitute the complete PCA1 cDNA, this digested fragment was cloned into the corresponding NheI site within the PCA1 cDNA fragment that was isolated from the Lamda ZAPII cDNA library comprising nucleotides 1761-3955. The genomic sequence of PCA1 was identified by primer walking. For yeast complementation, the complete PCA1 coding region was cloned into the yeast expression vector pYES2 (Invitrogen). A truncated version of PCA1 lacking the Nterminal autoinhibitoty domain was generated by deletion of the first 104 aa. The N-terminal fragment was removed by EcoRI/ XagI digestion. To reconstitute the construct, we generated an adapter by annealing the following primers: 5Ј-AATTCGGAC-TATGGCTCG-3Ј and 5Ј-ATGAGCCATAGTCCG-3Ј, causing the insertion of 2 additional amino acids (Ala, His) immediately behind the start codon. The ORF of the yeast PMC1 cDNA was amplified by using the primers 5Ј-GTAAGGATCCAAATAAT-GTCTAGACAAGACG-3Ј and 5Ј-CATATAGGCATGCTC-TATTAATAAAAGGCGGTGG-3Ј. The product was digested with BamHI/PaeI and cloned into pYES2 producing the vector PCA1-pYES2. An overview of the different DNA constructs used for the yeast complementation assay is provided in Fig. S3 . The resulting construct was also used to generate the PCA1:GFP fusion construct. To delete the PCA1 stop codon, a 1,352-bp fragment was initially amplified by PCR from PCA1-pYES2 by using the following primers: 5Ј-CCTCTCGAGGTACCGACT-GCACTGGCGGCGGCC-3Ј and 5Ј-CGAATGGAATCAGC-CAGATGAAGACC-3Ј. The PCR product was cloned into the pCR4-TOPO vector (Invitrogen), and a 1,112-bp fragment was isolated by restriction with XhoI/PauI and cloned into PCA1-pYES2 previously digested with XhoI/PauI. From this construct, the complete PCA1 ORF lacking the stop codon was isolated by restriction with Acc65I and was subsequently cloned into the vector pMAV4 (6) . To generate the PCA1 gene disruption construct, a 1,132-bp DNA fragment was amplified from genomic DNA by using the primers 5Ј-CTTAGGTCTTACTGGACCCG-3Ј and 5Ј-CTCAGACTGCACTGGCG-3Ј and cloned into the pCR4-TOPO vector. The resulting construct was digested with HindIII and used to subclone the 1,497-bp nptII selection cassette (35S promoter:neomycin phosphotransferase:35S terminator) isolated from the vector pRT101neo (7) by HindIII digestion. Primers used to identify transgenic Physcomitrella lines that have undergone homologous integration of the PCA1 KO construct were: 5Ј-GCACTTGCTACTGAGCCACC-3Ј and 5Ј-CTTTAGTAC-GAAGTGTAGAC-3Ј. Analysis of 5Ј integration of the PCA1 KO construct was performed by using the primers 5Ј-ATTTCCACT-GGAGAGGTCCG-3Ј and 5Ј-TGTCGTGCTCCACCATGTTG-3Ј, and 3Ј integration was verified by using the primers 5Ј GTT-GAGCATATAAGAAACCC-3Ј and 5Ј-CTTTAGTAC-GAAGTGTAGAC-3Ј. RT-PCR to confirm the loss of the PCA1 transcript was performed with the primers 5Ј-CCTTGAATTTT-GCGGGGAAC-3Ј and 5Ј-CTGGATTTCAAACTGCACTGG-3Ј. RT-PCR primers for the amplification of Physcomitrella EF1␣ homolog were: 5Ј-AGCGTGGTATCACAATTGAC-3Ј and 5Ј-GATCGCTCGATCATGTTATC-3Ј.
Measurement of Cytosolic Calcium. Cultures of Physcomitrella WT and the mutant line ⌬PCA1125 were grown under standard growth conditions (3) on 35-mm culture dishes containing standard growth medium with 1.2% agarose (wt/vol). [Ca 2ϩ ] cyt was determined as the fluorescence ratio between the Ca 2ϩ -responsive dye Oregon green 488 BAPTA (dextran conjugate 10 kDa; Invitrogen) and Cascade blue (dextran conjugate 10 kDa; Invitrogen). Dyes were coated onto 1-m gold particles and loaded biolistically as described by Bothwell et al. (8) . Briefly, Petri dishes containing protonema tissue were placed at the center of the target shelf of a PDS-1000 delivery system (BioRad) with a target distance of 6 cm. The bombardment chamber was evacuated by 12 MPa, and particles were delivered by using a 1,550-psi rupture disk with a pressure release of 16 MPa. Plant tissues were covered in a thin film of liquid medium during biolistic bombardment. After dye loading, the plants were left for Ͼ2 h to recover with supplementation of liquid medium. Confocal images of Oregon green 488 BAPTA and Cascade blue dye-loaded cells were obtained with the Radiance 2000 confocal laser scanning system (Bio-Rad) and an Eclipse E1000 upright microscope (Nikon) with a 40ϫ/0.80W water-immersion objective. Oregon green 488 BAPTA was excited at 488 nm by using an argon/2 laser, and emission was monitored at 500-560 nm.
Cascade blue was excited at 405 nm by a blue diode laser, and emission was monitored at 420-460 nm. For the imaging of [Ca 2ϩ ] cyt during hyperosmotic shock, plant tissue was initially perfused with standard liquid growth medium before perfusion with growth medium containing 250 mM NaCl at the indicated time. Measurements were carried out in 7 independent replications, and standard errors were calculated for the 100-, 150-, 200-, 250-, and 300-s time points. Changes in dye fluorescence ratio were calibrated against a standard curve determined in vitro with a Calcium Calibration Kit (Molecular Probes). Fig. S1 . Protein sequence alignment of Physcomitrella PCA1 with plant P IIB -type Ca 2ϩ -ATPases. The Physcomitrella PCA1 protein sequence was aligned with ACA8 (GenBank accession no. Q9LF79) and ACA9 (GenBank accession no. Q9LU41) from A. thaliana, MEDTR1 (GenBank accession no. AAL17950) from M. truncatula, and ORYSA8 (GenBank accession no. 37534392) from rice. Identical amino acids are indicated in black, conserved amino acid exchanges are depicted in gray. The conserved structural motifs are marked as follows: green, calmodulin binding site; red, membrane spanning domains; purple, phosphorylation motif; blue, aspartic acid phosphorylation site; turquoise, PAD-, TGES, and PEGL motifs. The deduced consensus sequence indicates identical amino acids in all proteins (capital letters), specific features of amino acids are depicted as follows: positively/negatively charged (ϩ/Ϫ), aromatic (a), large (b), charged (c), hydrophobic (h), aliphatic (l), polar (p), small (s), very small (t). Raw data derived from hybridization signal intensities of the stress-responsive genes PpCOR47, PpCOR-TMC-AP3, and the control gene L21 in WT and ⌬PCA1 mutants 27 and 125 in response to 250 mM NaCl and 10 M ABA, respectively. For normalization, expression levels of PpCOR47 and PpCOR-TMC-AP3 were set in relation to the expression levels of the L21 control gene.
